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© Prooeea for doping eryatala ol wMe band ntp aemlconduotora. 

(£> Non-oquliibrlum Impurity Inconwetion la used to 
dope hard-to-dope eryatala of wide bartd gap semi- 
conductors, such aa ^ne tBlenlda and zinc tailurfde. 
Thia Jnrtivee Incorporating into the cryatat a com- 
pensating piit at primBry and secondary dopants, 
thereby to Incroaae the aolublllty of either dopant 
■lone in the cryatal, Tharaatter, the aecondary more 
mobile dopant Is removed preferentially, leaving the 
primary dopant predominant Thla technique la uaad 
b dope dnc aeienlde iHype by the uae of nllrogen 
es the prlmwy dopam and Dthlum aa the fecondary 
dopant Ahemattveiy, the technique may uae nitro* 
gen as the primary dopant and ihe hydrogen aa the 
aacondary dopant to obtain low reeinlvtty p-lype 
^2lnc selenlde. 
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PROCE&S FOR DOPING CnYSTAlS OF WIDE BAND GAP 6EMICONDUCT0R8 



Ttirs invontion relates to the prepsrstlon of cry- 
stals of wd9 band gap aemiconduetore for use in 
electronic cfevicee. 

Aa ia known, crystals of eernlconductora are ol 
groat Interest In the manufacture of sophisticated e 
electronic devices. The uaeful pnjperllds of sernl- 
conductive crystals depend not only on the particu- 
lar semiconductor that forms the crystal but also 
importantly on the trace amounts of donor or ac' 
ceptor dopants that are Incorporated in tfie crystal to 
lattice. These dopants contribute the hole and elec- 
tron charge carriers tiiat are responsible for tiia 
useful electronic properties of the crystals. 

With many potentially useful semlconduetlve 
crystola, partlcularty those fn which the host ma* is 
larial ts a wide band^gap semlconduotor (a band 
gap of at feaat 1.4 electron voHs}, such as xinc 
selenlde, It has been difficult to tncorpcrate Into the 
crystal lattice In reproducible fuhlon adequate 
amounts of both typaa of dopant to provide good » 
p-n Junctions, i.e.. tnth n-type and p-iype con- 
ductivity. As e consequence. It has not been prac- 
tical to use such semlcortductors widely In devlcea 
where bipolar conductivity Is important. 

.In particular, altfioua^ n-type zinc aelenlde has , as 
been available which conducts 'well' (defined as 
having a resistivity equal to or lees then 10* ohm- 
centimeter), this has not been the case with p-lype 
zinc seienlde. The standard practice for preparing 
"well-conducting' n*type zinc lelenlde Involve* the so 
extrsction of irnpurltles, such as copper, by anneal- 
ing. Such anruallng Is known to extract copper that 
Is acddamally Introduced during Vno preparation of 
bulk material. 

More recently n-type zinc lelentde tus been 36 
prepared using low temperature growth methods, 
such as metai-organo-ohomlcat v^r deposition 
(MOCVD) and molecular beam epitaxy (MBE) with 
selective Ineorporatlen of appropriate dopants. 

However, wtth respect to p-type zinc setenlde, 4o 
It has been difficult to obtain "woil-conductJng" 
material reliably In reproducible fashion. There 
have been recent cisims that such material has 
been raallzed by the Introduction of UaN. Others 
have claimed to have obtained it by the Introduc- « 
Hon of gallium, indium or thallium by heat treatment 
end diffusion, hlowever, the understanding of these 
techniques has biean poor with the result that there 
is nttle confidence In applying these techniques to 
commercial products. h 

There \3 naedsd a better-understood tacK- 
nlque, amenable to good control, for doping hard- 
to-dope wide band gap semiconductors, such as 

zinc seienlde. zinc sulphide, cadmium sulphide, 
cadmium seienlde, zinc teliurlda and diamond. 



I believe that energy and solubility consider- 
ations forni the baste difflculty In Incorporating par- 
tlculir dopants Into crystals of the Mnd under dis- 
cussion. Such considerations predict a strong ten- 
dency for compensation between donors snd ac- 
ceptors in wide band gap materials. Accordingly, 
the Bchldvoment of adequate conductivity will re- 
quire "non-equlllbrlum Impurity incorporation". This 
temi means the incorporation of a dopant (Impurity) 
In excess of Its equilibrium solubility at a particular 
temperature and ooncentraUcn of compensating 
epeciee. As Is also known, the solubility of a donor 
or an acceptor at a given temperature will Increase 
with an Increase in concentration of compensating 
species so that, in effect, compensation Increasoa 
the solubility of a dopant. 

Moreover to be of praotlcal use, such norv 
equllbrlum Incorporation needs to peralet over rea- 
sonable time scales at operating temperatures, so 
that the moblHty of the desJred dopant needs be 
low enough that the dopant ramelna kicked In the 
crystal lattice after the Initial non-equlllbrium incor- 
poration. 

Various techniques are feasible for echlevlng 
non-equlllbdum incorporation. The simplest Is to 
Introduce the desired dopant species at a tempera- 
ture where its mobility and solubility Is high, with 
subsequent fast quenching to a tower temperature 
where the mobluty Is low, to lock the dopsnt In the 
lattice. A valiant of ttils has twen suggested In 
whicti the preferred site of en amF4ioterlc dopant 
can be a functton of temperature, However, these 
techniques for achieving a non-equlllbrlum con- 
centration have been of limited usefulness, psrtlcu- 
lariy with respect to wide-band gap materials that 
are dlfflctrit to make "well*conductlno." 

A feature of the present invention Is en ep- 
proech to achieving a noo^uHibrium concentration 
that uses eons^usly, with optimum parainaters. 
phenomena that may have been sccklentaJly In- 
volved m the past In m/ new technk^ue. a desired 
primary dopant species Is Introduced Into the eeml- 
conductor of Interest together with a concentration, 
preferably nearly the seme, of a suitable secondary 
compensating species, advantageously one mom 
mobile at lower temperatures. The compensating 
species acta to Increase the soluUlity of the de- 
sired dopant so that the concentretion introduced of 
the desired dopant may be larger then the equilib- 
rium value In the absence of the compensating 
species. Subsequently, In disciplined fashion, the 
mors mobile compensating species is prsferentlBlly 
removed. Introduction of a chosen mobile com- 
pensating spsclsa, of a concentration closely 
matching that of the desfred dopant will prevent or 
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reducfl th« Incorporation of oth«r, possibly less 
mobile compansaHriB spedas. in this cus, nttsr 
the removal of the salacted owblls compensatlr>e 
species, (he dopant remaining in the host crystal 
will be predominantly only the desired dopant 
whereby the nuterW may be of high conductivity 
of tfw type imparted by the d^drod dopant. 

In an limetrattve example ot a process, In ac* 
cofdar^e wim my Inventions, a layer of zinc 
selantde la doped p-type with nitrogen by liquid 
phase epitaxial (LPE) growth from a iithlumfich 
melt. The doping with rttrogen may be echlevad by 
using ammonia (NH|) eeeentiaiiy In the mannsr 
described In a paper entitled 'Ionization ansrgy ot 
the shallow nitrogen ecceptor In zinc selenlde" 
published In Physical Review B, Vol. 27, Number 4. 
15 February 1S83. pps. ^41^^428. In the raaulllng 
layer, nitrogen 18 aubstRuted In eelenlum sites as 
an accepter, and lithium Is Inoorporated In tntersti- 
tial altee where It acta as a donor. Subsequent to 
Its growth, the layer la heated to a lemperalure or 
about eOO'C in zinc vapor together with Indium, 
ganium or thallium vapor. This heating tende to 
getter the (eater diffusing lithium aelectively from 
the layer whereby It ie left doped primarily by 
nitrogen and eo la ol hf^ conductlvtty 0^6. 

' If a luncUon Is (o be fbrmad. an n-typo jinc 
setenlde cry8(BE Ie used as tlw lubslrate tn the LPE 
process In which the n^Eum^nttrogan epifaxia] layer 
li gnwn. Advamagaoualy the crystal used -aa the 
substrr.e Is rHype by the Inclusion, as the pre- 
dominant dopant, of e donor, such aa Iodine, that 
diffuses only slowly In the zinc selenlde, so (hat 
fitde of l( Is lost during the lithium gettering step. 

Additionally, hydrogen can be Introduced sh 
multaneously with the desired primary dopant In 
substantially equivalent emounts such that the con* 
cenMtlon of the primary dopant In the zinc 
aelenlde ta Irt excess ol Bie solubility oi the primary 
dopant elotie to produce either n-iype or p-type 
imaterlaL Hydrogen may set as • donor impurity to 
compensate p-type dopants, or act as an acceptor 
In^urtty to compensate n-type dopants, in aBher 
case, the effective solubility of the desired dopant 
will be tncreaead, and after preferential removel of 
the more moblie hydrogen, the resistivity ol the 
semiconductor bulK will be lower than that which 
cart be achieved vrtth Introduction ot Ihe desired 
dopant alone. 



DESCRIPTION OF THE DRAWING 



The Invention will be described In eonjunctton 
with the accompon^ng drawing that shows t p-n 
diode of Zn 8e mode In aooordanee with an iilus* 
trative embodiment of the Invention. 



DETAILED OeSCRIPTION OF THE INVENTION 



A pHi lunction zinc selenlde diode lO Including 
6 layers 12 and 14, suitable (or use as a light* 
emitting diode, shown In the drawing, is prepared 
as followe. 

There Ie first prepared the n-type slice 12 of 
zinc aolenicfe In loiown fBBtilon, for example, as 

10 described In a paper entitled 'p-n Junction zinc 
sulfo-selenlde and zinc eelenide Npht-emltUng di* 
odes" AppBed Physics l^ttere. Vol, 27 No- 2. 15 
July 1S7S pps. 74-77. This involves preparing a 
Bingle crystal bouie of n-type zinc selenlde by «n 

te Iodine transport technique, cutting a slice parallel to 
the (111) piano, and annexing the slice In molten 
z!nc. T)ra resuKIng material Is made to have a 
reaistivfty of the order of 0.1 ohm-cm., con-espono- 
ing to an Iodine concentration of between 10" and 

K7 10*< par cc^. TTte slice desirably Is about l mm, 
thlcl( and 0.6 cm radius. 

Thereafter, there la grown on one eurfece of 
the n-type slice 12, an epitaxld p-type layer 14, 
t^lcally between 6 end 10 mlcrons thick, although 

ss even thinnor layers can be used, This layer ad- 
vanlogeousiy Is grown by iPE to In^ude both 
lithium end nitrogen In appropriate amounts In the 
manner described previously wHh reference to the 
Physical Review B paper. The antounta added are 

90 beat determined efqwrimentoUy but ^uld be ade- 
quate to provide, In the epitaxial layer grown, sub- 
atantlaliy equal concentrellons of lithium and nitro* 
gen, advantageously In the range between 10'^ 
and 10^* per CO*. As king as the amounts of each 

96 In the melt ve approximately equal, because of 
strong compensating effecta In audi wide band gep 
crystals, substantially aqtisi amounts of the two 
dopants will be Introduced Into the cryatoi. Because 
the presence ef the lUMum Increases the effective 

«} solubility of the nitrogen, flwre can be introduced 
(nlo the line eelenWe a nonnally non-equlilbrlum 
coneentratloa as previously dlscueted. 

Vm, m known fashion, the lithium Is prelaren- 
tially removed from the epftextal layer. This Is ffta- 

4S slbie because ef (he muen lower moUllly of nitro- 
gen and totttne In zinc seienide In this temperature 
range. There results a p-type epitaxial layer with a 
nitrogen concentretleft of about 10" per cc*. A 
suitable procedure la to heat the tUce In ma range 

so of between WO'O-lOOO'C In zinc vapor together 
with oiiher indium, gallium, or thsllium as sug* 
gestsd In e paper entitled "The variation of residual 
impwillea In 2n 8e crystals used In tight-emitting 
diode fabricetfona". J. AppL Phya. 63(2) February 

SE 1B82. pps. 1248-1250. 

To complete the diode, a (hin layer 16 ot gold 
Is depositad over the p*type (ayer to serve as one 
of (he two eleetrodes of the diode. A dot 18 of 
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Indium Is daposltod ov«r tho bottom turfece of me 
slice to s«rv» ss the ottw sleclrode of the diode. 
This leaves a constdsrable portttxi of tha bottom 
surtacd ffoe for the exit of the «mtned light excited 
when an spproprfste voluQe Is tpplled between the 
two electrodes. 8uch a diode emits blue light of 
ebout 4B0 urn wavelength. 

Of course, other electrode configurations are 
possible, Including rtng-ehaped electrodes, to (adii- 
tale the exit of the emitted light 

Additionally, the principles of tho Invention are 
applicable to the preparation of devices using wide 
band gap semiconductors other than zirw selenlde. 

A light-omittino p-n Junction diodo oan be 
formed in zinc tellurlde In accoKlar\ce with an alter- 
native embcdiment of the Invention as follows. 

A p-type crystal of ZnTe was grown from o Te 
rich solution by a Brldgman tectinlque, as dis- 
cussed In a paper entitled '6EM and 
Phololumlnescenca Study of U SegregeHon In An- 
nealed Zinc Tellurlde" published in Sond State 
Communications Vol. 2fl, pp9. 35-36. Pergamon 
Press Ltd. 1979. 

Then In knovm fashion, ualr^ mstal-^gwo- 
chemical vapor deposttlon (fi^OCVO). an rHfpe 
^Itaxiel layer Is grown on the top surface of the 
slice. In (hia case, the splfaxlal layer Is doped with 
chlorine as the primary dopant and flihium as the 
compensating or secondary^ ffopaQt Chlff ine Is a 
donor In zinc Islturlde at a 'tellurium substitutional 
site while HtWum acts as an acceptor on a zinc 
substitutional site. Moreover, because of tta larger 
ionic size, chlorine will be less mobile than wHI the 
lithium. 

As before, the presence of tfte lithium will 
po/mft the Introduction into the epitaxial layer of a 
higher concent^on of the ^larlne than normally 
posafble, as discussed above, by tncresslng Hs 
effecUve solubllfty. Again, the amounts of each 
Introduced Into the epitaxial layer ore made to be 
about equal. 

Then, the z!nc tellurlde slice Is heated In a zinc 
atmosphere to remove the more mobile lithium 
preferenQally as, for example. Is reported In a pa- 
per entitled *SEM and Phototumlnescence Study of 
U Segregation In Annealed Zinc Telluride', Solid 
State Communications, Vol. 29, pps. 35-36, Per- 
gamon Press Lid. 1079. Accordingly, chlorine be- 
comes the predominant dopsnt In the epitaxial lay- 
er, whereby It becomes n-type. As before sppro- 
priata etsctrodes are provided to the opposite sur- 
faces of the slice to fonn the diode. . 

In an alternative embodiment of Oie Invention, 
hydrogen is utiSzed es a secondary compensating 
dopant end is simultaneously difhjsed Into the 
semiconductor *rflh tho desired primary dopant at 
an approprtato tamporeture. Hydrogen la also am- 
photeric In that It can be elthar a compensating 



donor or a compensating acceptor. 

A more extensive discussion can be lound In 
Pearton. SJ. et al. Appl. Ptiys. A 43. 153 (1987); 
and Johnson, N.M. et al. Rhys. Rov. Lett. 56, 769 

6 (1986): Acceptors in CdTe have been nButrallzed 
with the Introduction of hydrogen at about 350 *C 
as further discussed in Boudoutcha. A., et al, J. 
Cryst. Growth 72, 228 (1985). Hydrogen will also 
act as a donor when Introduced Into ZnO at about 

to 500-700' as more fully discussed In Thomas. P.G., 
et al, J. Chem. Phys. 25. 1 1 38 (1956). 

introducing hydrogen as a compensallng dop- 
ant together with the d9slred dopant Increases the 
solubility of the desired dopant to be greater than If. 

re Introduced tfone. Subsequently, the hydrogen Is 
preferentially removed and a semiconductor having 
much reduced compensation of the desired dopant 
and therefore much lower resistivity Is achieved. 
This alternative embodiment can yield acceptably 

so low resistivity p-type CdS, CdSe, znS. and ZnSs, In 

addlllon to other wide band-gsp semiconductors 
Which have g tendency to Incorporate donor com- 
peneatars. Moreover, tiw same techniques may 
also be used to produce acceptably low resistivity 

«6 n-lype diamond and znTe, as well as other semi- 
conductors which have a tendency to Incorporate 
acceptor compensators. 

A first method of Introducing hydrogen as a 
secondary compensatlrig apeoles 'and the desired 

n primary dopant simultensously Into ttie crystal 
structure Is via the foint diffusion technique. Some 
dopants will diffuse at fairly low temperatures. For 
8 review of diffusion rates, see Casey, Jr., H-Q- at 
dl.. "Point Defects In Solids." Crawford, Jr., J.H. et 

3S al., Eds., Vol 2. p. 163 (Plenum Press. N.Y, 1976). 
Accordingly, a wide range of conditions and tem- 
peratures are available for tiis simultaneous In- 
troduction of H and a primary dopor.t by joint 
diffusion. 

40 Hydrogen and the desired primary dopant c&n 
also be Introduced simultaneously during crystal 
growth. One requirement Is that the growth tem- 
perature be sufficiently tew \n order to retoln hy- 
drogen In the semiconductor. Therefore, a tem- 

46 perature of epproxlmately 700' C or below Is desir- 
able. Yet another technique of slmuttaneous hy- 
drogen and dopant Introduction Is to use known ton 
impiantsthHi techniques. 

As an example, p-type zinc selenlde can be 

$0 produced by conventional methods at usual high 
temperatures, to wit. 400' C or above. P-type ^nc 
selenlde may typically have sodium at the Zn aut>- 
stftutionol site snd/or niuogen at the 5e substitu- 
tional site. Hydrogen Is simultaneously Introduced 

ts with the deilred primary acceptoc dopant and, un* 
der these drcumttaness, ecu like a donor Impurity 
which effectively compensates the simultaneously 
introduced acceptor impurity and Increases the 
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Golublllry of Hi* accsptor Impurity. Typically, p-typo 
zinc SAlanldA tends to becoma heavily compsn' 
saiod by Honors lueh aa Group i metaia gdng to 
the Interstltia! tltss. Compensation also occurs tl 
contaminating donors ars unintentionally Introduced 
Into the zinc aelenlde substrate. Because hydrogen 
Is made available In a relatively high concentration. 
It will act as a compensating donor and significantly 
limit the presence of contaminating donors. Once 
the hydrogen la orfllerentiaity removed, p-lype zinc 
seienide having suitably low compensation and 
conssquentfy, sulta&ly tow resistlvliy, will rsm^n. 

Several mothode are known for eelectlvely re- 
moving the compensating hydrogen while allowing 
the desired acceptor or donor Impurtiy to remain in 
the semiconductor. For example, the material can 
be heated to a temperature which It luffldent to 
cause relatively rapid out*dWuslon of hydrogen 
frcm the materlsi as compared to the rale of out- 
dlffusion of the primary dopant ei the same tem- 
perature. Tefflparatures botween about 100 and 
600* C and, more prelarably. between about ISO 
and 4S0'C are generaily effscUva. The actual pre* 
(erred temperature depends on many factors in- 
ciifljing the apectTIc primary dopant species used. 
Due to the high moUDty ef hydrogen, It will diffuse 
out while allowing the laaa mobDe primary dopant 
to remain In the semiconductor. A temperature Of 
approximately ZSO'Chas been shown to be effec* 
tive tor this procedure. 

Other known methods for extracting the hy- 
drogen may be used, for example, a gatte^g 
process may be used In which the semiconductor, 
such 88 p-(ypa zinc seienide. would be heated In 
the presence of a metal which has an affinity (or 
hydrogen. In atuther knovm method, the hydrogen 
Is rentoved through electric field biduced hydrogen 
drift. Any method which would remove the hy- 
drogen without appreciably removing the desifad 
dopam[s} may be used In accordance wHh tTie 
Invention. 

Certain aemtcmductor matsHels having com- 
pensation ^obtams when n-type dopar\ta are Intro- 
duced. These prcblems may also be allevlsled by 
l^e method of tNs invention. For example, it has 
not been heretofore practicable -to produce high 
conductivity n-type ZnTe having a resistivity below 
too ohm-cm. To produce such high conductivity n- 
type ZnTe, hydrogen Is Introduced simultaneously 
with an appropriate desired donor dop&nt, such as 
chlorine. The aemlconductor is allowed to cool, and 
tha hydrogen ts than extracted by any of the afore- 
mentioned methods, at a much lower temperature 
tnan the temperature at which the hydrogen and 
desired donor d«>ant wea Introduced. The resulting 
n*type ZnTe will have aubetantiaily lower com* 
pansatlon and eorreepondlngiy lower rasistivlty. 
. it should be evident that the basic principles 



described can be extended to various other sys- 
tems of vride band gap materials and should be of 
special Interest to materials thai are normally dif- 
ficult to dope adequately. 

5 Basically, as described, by choosing an appro- 
priate compenaatlng pair of pnma^ and secondary 
dopants, the amount of primary dopant Introduced 
Into a crystal may be larger than the solubtuty oi 
the primary dopant In the cryeoi If introduced 

10 alone. Thereafter by the removal preferentially o1 
the secondary dopant, typically by taking advan- 
tage of Its Mgher mobility In the cryeui. tha crystal 
is left with a higher, non-edutilbrtum concantrailon 
of the primary dopant. Copper and gold are other 

IS examples of likely choices for use as tha secon* 
dary dopant. 

It ahoukJ also be apparent that the invention 
should mske feasible the formation oi vsrloue otner 
forms of electronic devtcsB, Such as transistors and 

30 Injection lABara. 

Additionally, while there have been described 
entbodlmenta using LFE and MOCVD lor forming 
layers Including compensating pelts of primary and 
secondary dopants, other techniques are (flBSible 
H Including molecular beam epitaxy (MBC). 



Cialma 

n 1. A process for the non^qulllbrium Incorpora- 
tion of a dopant Into a cryatal of a wide band gap 
semiconductor compriaing the steps of treating the 
crystal In the presence of first and second com- 
pensating dopants of different fnotalHtles (or In- 

ss troducfng substandally equal amounts of the two 
dopants into at leut a portion of the cryatal such 
mat the concentration of the lass mobile of Vie two 
dopsnte In saJd portion of the cryatd is in excess of 
the solubility of (he leas mobile dopant therein In 

w thB ebBsnce of the mere mobile of Ihe two dop- 
ants, and then pfe(erentiaity removing therefrom 
Rts more mobtte of the two dopants whereby there 
la left a non^equlKbrlum concentration ct the less 
mobile dopant In said portion of ttw crystal. 

M 2. The procaas of claim 1 ^ yrtilch the semi- 
conductor is zinc seienide and the more mobile 
dopant la lithium and the less mobile dopant le 
nitrogen. 

3. The process of dalm 1 In which the semi* 
so conductor is zinc seienide and tha more mobile 

dopant Is hydrogen and the teas mobile dopant la 
nitrogen. 

4. The procois ot claim 1 In which tha semi- 
conductor Is dnc Mllurlde and the more mobile 

es dopant is lithium and Ihe less mobile dopant is 
chlorine. 

5. The process of claim 1 In which ttie semi- 
conductor is zinc tellurlda and ths mors mobile 
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dopant is hydroQen and the tdss mobile dop&nt l9 

chlorine. 

6, The process of claim 1 In which the more 
mobile dopent can move via Interstitial sites and 

Ihe less mobile dopant Is at a substitutional site tn 6 
(he crystal. 

7. The pracBs$ of tormlng a p^n Junction diode 
In a crystal of a wide band gap ssmlconductor 
comprising the steps of 

preparing a crystal of die aemfconductor of one id 
conductivity type and growing on a surface of the 
crystal an epitaxial layer that Includes a compen- 
sating pair of primary and secondary dopants In 
substentlslly equal amounts, such that Ihe con* 
csntratlon of the primary dopant In the layer Is In is 
excess of the solubility of the primary dopant In the 
layer In the ibaence of the secondary dopant 
wfiere the primary dopant fs cdaracterlatlo of ttie 
conductivity type opposite ttiat of said crystal end 
la Isis nnoblla than the secondary dopant, and w 
removing selectively the secondary dopent Irom 
the layer to leave It of the opposite conductivity 
type, where tfie dopant remaining in the (ayer Is 
predomlnently the priniary depam in a non-equilib- 
rium concentration. as 
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N-DOPED p-TYPE Zn Se 



I -DOPED n-TYPE Zn Se 



